The first continuous flow carbonylation reaction using aryl formates as CO precursor is reported. The reaction is practical, scalable and high yielding. The use of a flow protocol safely allows expanding the scope to activated chlorides, nitrogen heterocycles and to the selective introduction of an ester group in dihalo-derivatives. Further selective reduction of the ester formed to an aldehyde in flow is also described.
Introduction
Palladium-catalyzed carbon monoxide-mediated carbonylation of aryl halides and pseudohalides is a key reaction in organic synthesis and in bulk chemical industry [1] . Despite its applicability, the difficulty in handling toxic, gaseous CO, including its storage and transport, remains a serious safety concern and reduces the overall utility of the protocols. Therefore, the use of a precursor molecule able to release carbon monoxide under the reaction conditions is a highly desirable alternative [2] . Different CO sources have successfully been used in batch reactions: examples are metal carbonyl complexes [3] , aldehydes [4] , formamides [5] , formic anhydrides [6] , and more recently, aryl formates [7] and N-formyl saccharin [8] .
Flow chemistry has emerged as an enabling technology that allows accessing novel process windows [9] . Reactions can be performed under high temperature and pressure, usually above the boiling point of the solvent. This enables excellent control of reaction parameters and thereby often enhances selectivity [10] . Furthermore, the use of continuous-flow reactors contributes to sustainability as hazardous compounds can be better contained, and hence, in some cases, it reduces the amounts required of these dangerous chemicals [11] . Especially, this last feature, in view of the concerns mentioned earlier, offers possibilities when developing methodology involving CO and/or its precursors.
Carbonylation under continuous-flow conditions has been studied using an external carbon monoxide gas supply via different approaches. First, CO gas and reagent solution were intensively mixed inline, and this mixture was passed through a supported catalyst in a pressurized reactor [12] . Effective carbonylation was achieved, although high pressures of gas were required. Second, a more simple setup with a gas permeable tube-in-tube reactor can be used to deliver the CO in the reaction mixture. This setup allows using somewhat lower pressures of CO gas, which enhances the safety profile [13] . However, an external CO cylinder (with all related safety issues) is still required for this system. Another, more advanced alternative to this approach has been described recently where the gas is formed in situ by dehydration of formic acid with sulfuric acid [14] . This allowed the use of only a small excess of the toxic gas, but harsh acidic conditions are required to produce it, limiting the utility of the protocol. Despite all these efforts, simple and effective scalable carbonylation protocols in flow without the use of an external CO gas supply have not been reported so far.
Results and Discussion
After an analysis of the different carbon monoxide sources, we considered aryl formates as potential precursors for use in continuous-flow chemistry. They are able to release CO under much milder conditions than, for example, formamides or aldehydes. They are also, unlike metal carbonyl complexes, well soluble in organic solvents, a clear advantage for flow reactions. Finally, they are less reactive than formic anhydrides.
Initially, the reaction was pre-optimized using a microwave reactor, as this technology has a similar process window as flow reactors (Table 1) . In this way, reaction times could be shortened from several hours to minutes and solubility of reagents and final products was easily assessed to assure the protocol could be transferred to flow. This exploration was performed using bromobenzene as the substrate and 2,4,6-trichlorophenyl formate [7] as CO source. This precursor was selected because it releases CO under mild conditions. This formate can decompose efficiently at room temperature to give carbon monoxide and trichlorophenol when mixed with organic bases.
Using the batch conditions described in the literature as a starting point [7] , the mixture was heated at different temperatures, keeping a fixed reaction time of 5 min. At 140°C, the reaction proceeded with a very high conversion (entry 2), and by increasing the reaction time to 10 min, the reaction was almost completed (entry 3). The base was changed to DIPEA, but a turbid crude mixture was obtained (entry 4). The use of phenyl formate as an alternative CO precursor clearly decreased conversion (entry 5), probably because its decomposition is slower compared to the corresponding trichloro analogue [7] .
Other catalysts/ligands than those described in the literature were tried either in solid supported or soluble form (entries 6-11). However, none of them was superior to the reported Pd(OAc) 2 -Xantphos system. Nevertheless, Pd(PPh 3 ) 4 behaved reasonably well in contrast to what is described for phenyl formate carbonylations under traditional heating, where the best results are usually obtained using specialized bidentate ligands [7] . Following this finding, the reaction was also attempted with a silica supported palladium diphenylphosphine catalyst, SiliaCat DPP-Pd, which we successfully used in previous continuous-flow cross-coupling chemistry [15] . However, conversion with this catalyst was low (entries 10 and 11) and it was not further considered for translation to flow conditions. With all this information at hand, the reaction conditions were translated to a continuous-flow process [16] . In order to avoid premature (base induced) decomposition of the formate, two separate solutions were needed to feed into the flow reactor. Different combinations were evaluated to achieve this goal. The best combination proved to be the preparation of a first solution containing haloarene, palladium acetate, Xantphos, and triethylamine in a 1:1 dimethylformamide-tetrahydrofuran (DMF-THF) mixture and the second containing 2,4,6-trichlorophenyl formate in DMF. As high temperature and slightly elevated pressure were required, the most suitable instrument was the high temperature module from the Vapourtec R2+R4 reactor [17] . Reagent solutions were introduced via separate loops and mixed in a T-mixer before being introduced in the reactor at the desired conditions. As some palladium black particles were observed at the outlet of the reactor, a filter piece [18] was introduced to collect all particles and prevent clogging at the back pressure regulator (Figure 1) . Table 2 summarizes the optimization of reaction conditions for the continuous-flow process using the system described in Figure 1 . Initial direct translation from microwave conditions to flow worked well as expected (Table 1, entry 2; and Table 2 , entry 2). However, it was observed that, under flow conditions, increasing the temperature by 10°C was more efficient than extending the retention time by 5 min (entries 1 and 3). Although, initially, 2 equivalents of CO precursor were required in batch conditions, it could be reduced to 1.3 equivalents under flow conditions (entry 5). A further reduction of the number of equivalents decreased the observed conversion (entry 8). Similarly, the amount of palladium could be reduced to 3% (entries 6 and 7). The optimized conditions (Table 2, entry 6) were then used to explore the scope of the reaction (Scheme 1). Bromides, iodides, and trifluoromethanesulfonate derivatives are suitable substrates for the reaction. Chlorobenzene did not react under these conditions, whereas 2-chloropyridine gave the expected carbonylated product 6 in an acceptable yield. This is the first example of the application of aryl formate carbonylation to this class of compounds.
The reaction displays a broad applicability, and both electrondonating and withdrawing groups are tolerated (compounds 4, 5, and 10). Furthermore, the methodology could be successfully applied to various heterocyclic substrates, recurring scaffolds in medicinal chemistry. The continuous-flow protocol was efficient for carbonylation of both π-electron deficient (compounds 6, 9, 11, and 13) and π-electron rich heterocycles (compounds 7, 8, 12, and 15) .
Selective introduction of substituents is a well-known advantage that flow procedures offer over traditional batch approaches [10] . Taking into consideration that the reaction could be performed with almost equimolar amounts of carbonylating agent, it was worth exploring the chemoselectivity of the reaction. In this way, compound 14 was obtained after a selective iodide replacement. Moreover, 3,4-dibromothiophene reacted selectively on one of the bromine atoms, providing the monoester derivative 15 in good yield when the reaction temperature was increased to 170°C. This result is remarkable as all previously reported dibromo and diiodo derivatives in batch always yielded the corresponding diester products [7] .
Another important advantage of flow chemistry is the straightforward scalability of the protocols [10] . In order to explore the scalability of the procedure, compound 15 was selected as the most interesting example. Two stock solutions were prepared, but a slow decomposition of the trichlorophenyl formate in DMF was observed, presumably due to the presence of traces of free dimethyl amine in the solvent [19] . This impaired the performance of the instrument as gas bubble formation compromises stable pumping rates. To overcome this issue, the scale-up process was instead performed using two 10-mL loops that were fed with freshly prepared solutions as in the previous small scale experiments. Because the loops are placed between two check valves, the solutions are pressurized, which inhibits bubble formation. Once these solutions have passed through the reactor at 170°C, two new solutions were fed again into the loops by changing valve positions without stopping the whole system. Using this approach, 3 g of compound 15 was obtained (82% yield), proving the scalability of the flow reaction.
Transformation of the trichlorophenyl ester into different functional groups has already been reported in batch [7c] . These protocols include the transformation of the phenyl ester products into alkyl esters, thioesters, amides (including Weinreb amides), and carboxylic acids. Surprisingly, reduction of these phenyl esters remained unreported. Partial reduction of esters to aldehydes is an interesting and challenging transformation in organic chemistry. In a recent article, we have described the use of lithium diisobutyl-tert-butoxy-aluminium hydride (LDBBA) in flow to perform this transformation in a selective manner [20] . Due to the incompatibility of the reducing agent with the solvent and the presence of trichlorophenol, both reactions could not be cascaded in the same line. Therefore, isolation of the carbonylated product was required to perform this second step. Compound 5 was selected to try this selective reduction as it presents two different functionalities suitable to be reduced, the ester and the cyano groups (Scheme 2). It could be selectively reduced indeed to the aldehyde 16 under standard conditions, proving the value of the combination of the two flow reactions to obtain aldehydes from halo derivatives in high yield.
Conclusions
In summary, a continuous-flow protocol for carbonylation of (pseudo)haloarenes using aryl formates as CO precursors has been reported for the first time. It allows performing carbon monoxide coupling reactions in a mild and safe way, reducing the amount of free toxic gas to almost equimolecular amounts. The reaction presents a wide applicability and is compatible with the presence of different functional groups as well as various heterocycles. The generalized use of chloroarenes remains a current limitation of the protocol; however, carbonylation of 2-chloropyridine was successfully achieved by our procedure. Other advantages of the flow protocol include the carbonylation of electron rich 5-membered heterocycles, such as imidazole and pyrazole, as well as the improved selectivity when using dihalo derivatives. The esters formed can be transformed in other interesting functional groups, such as aldehydes, by applying a subsequent, selective reduction in flow. Further explorations to overcome the current limitations of the reaction are ongoing and will be presented in future articles.
4. Experimental 4.1. General Procedure for Reactions under ContinuousFlow Conditions. Two solutions, Pd(OAc) 2 (3 mol%), Xantphos (6 mol%), halide (1 equiv., 0.24 M), and Et 3 N (1.3 equiv.) in THF-DMF (1:1) and 2,4,6-trichlorophenyl formate (1.3 equiv., 0.31 M) in DMF were each pumped at 0.2 mL/min using the R2+R4 system. The mixed solution was driven to a 2-mL coil at 150°C, t R =5 min. The outlet solution was concentrated in vacuo, and the residue was purified by silica gel column chromatography.
